Dirac fermions have been studied intensively in condensed matter physics in recent years.
I. INTRODUCTION
In recent years, Dirac fermions have been intensively studied in a number of condensed matter systems. In the two dimensional material graphene the low energy spectrum is well described by two spin degenerate massless Dirac cones at two inequivalent valleys, giving rise to four massless Dirac cones in total 1,2 . The fabrication of graphene sheets enabled substantial experimental progress in this field, and the physics of the Dirac fermions has been investigated extensively 3 . At the same time, many theoretical predictions rely on a single Dirac cone valley, or, at least, weak inter-valley scattering 3 . Graphene is not a suitable platform to test these latter predictions because of the presence of two valleys and strong inter-valley scattering. In addition, it is presently unclear how an energy gap can be reliably generated in single layer graphene, which would be desirable for a variety of device applications.
A HgTe/CdTe quantum well is another system where Dirac fermion physics emerges 4, 5 . In this case, the Dirac fermions appear only at a single valley, at the Γ point of the Brillouin zone.
Furthermore, tuning the thickness d of the HgTe quantum well continuously changes both the magnitude and the sign of the Dirac mass. When d is less than a critical thickness d c ≃ 6.3 nm, the system is in a topologically trivial phase with a full energy gap. On the other hand, when d > d c , the quantum spin Hall state is realized, where a full energy gap in the bulk occurs together with gapless spin-polarized states at the edge. The experimental discovery of this state 5 provides the first example of a time-reversal invariant topological insulator in nature 6 . A topological quantum phase transition is predicted to occur when d = d c , where a massless Dirac fermion state is realized at a single valley, with both spin orientations 4 . Our paper reports the experimental discovery of such a state.
In a two dimensional system with time reversal symmetry and half integral spin, a minimal number of two massless Dirac cones can be present, as can be proven by a simple generalization of a similar theorem in one dimension 7 . General results of this type have first been discovered in lattice gauge theory, and are known as chiral fermion doubling theorems 8 . In this sense, the HgTe quantum well at the critical thickness d = d c realizes this minimal number of two Dirac cones in two dimensions 9 .
on well thickness implies that there must exist a critical thickness where the band gap is closed. In fact, the crossing point between E 1 and H 1 sub-bands, denoted as d c in Fig 1 (a) , not only corresponds to the critical point for the quantum phase transition between quantum spin Hall insulator and normal insulator 4 but additionally yields a quantum well whose low-energy band structure closely mimics a massless Dirac Hamiltonian.
When d = d c ≃ 6.3 nm, the energy dispersion of the E 1 and H 1 sub-bands, which can be calculated from an 8-band Kane model, is found to linearly depend on the momentum k near the Γ point of the Brillouin zone, as shown in Fig 1 (b) and (c). Near the Γ point, using the states 
where
The two components of the Pauli matrices σ denote the E 1 and H 1 sub-bands, while the two As explained in the introduction, a two-cone Dirac system is the simplest possible realization of Dirac fermions for any two dimensional quantum well or thin film, which makes HgTe a very interesting model system to investigate Dirac fermion physics. Other benefits include the very high mobility (up to 1.5 × 10 6 cm 2 /Vs for high carrier densities) and the possibility to study the effects of a finite relativistic mass M (with both positive and negative sign). In this paper, we describe magneto transport experiments on gated zero gap HgTe wells that clearly demonstrate the Dirac fermion physics expected from Eqs.
(1) and (2).
III. EXPERIMENTAL
For these studies, we have grown by molecular beam epitaxy a number of modulation-doped 
IV. QUANTUM HALL EFFECT AND THE IDENTIFICATION OF ZERO-GAP SAMPLES
In Fig. 2(a) we plot the Hall conductivity σ xy = ρ xy /(ρ ), which facilitates their assignment. Obviously, because of the large g-factor of HgTe (g * = 55.5 for this well, see below) the Landau levels are always spin-resolved. A full assessment of Dirac behavior will thus have to come from the field and energy dependence of the Landau level structure, which we will provide below.
First, we will address another question -is the sample really zero gap? Since MBE growth calibration is not sufficiently precise to consistently grow a quantum well of exact critical thickness, we require another independent means to assess the well thickness. We have found a simple procedure by analyzing the quantum Hall data of our samples. Specifically, it turns out that the crossing point of the lowest Landau levels for the electron and heavy-hole sub-bands is a precise measure of well thickness. By solving the Landau levels of the effective Hamiltonian (1) in a magnetic field, we find that each of the spin blocks exhibits a 'zero mode' (n=0 Landau level), which is one of the important differences between Landau levels of materials described by a Dirac
Hamiltonian and those of more traditional metals 13 . The energy of the zero mode is given by
for the spin-up and spin-down block, respectively. Here B ⊥ is the perpendicular magnetic field.
The spin splitting, given by 
V. FURTHER CHARACTERIZATION OF A ZERO-GAP SAMPLE
In the following, the sample with B with additional even-integer plateaus due to spin splitting already observable at 1 T. This is the unusual ordering of the Hall plateaus that results from the Dirac Hamiltonian 3 . Moreover, the observed plateaus occur at one half the conductance of the plateaus observed for graphene 14, 15 -a direct consequence of the fact that the HgTe quantum well only has a single (spin degenerate) Dirac cone, where graphene has two. Furthermore, we always observe a plateau at zero conductance in the Hall traces, which is different from the low-field behavior in graphene 3 . The zero conductance
Hall plateau is always accompanied by a quite large longitudinal resistivity, which is once more an indication that -already at 1T -the sample is gapped due to spin splitting.
To further validate our claim that this sample boasts a zero gap Dirac Hamiltonian at low energies, we plot in Fig.3 (a) a Landau level fan chart. This chart was obtained by plotting the derivative ∂σ xy /∂V G in a color-coded 3-dimensional graph as a function of both V G and B ⊥ .
When the sample exhibits a quantum Hall plateau, the Hall conductance obviously is constant and its derivative is zero; when a Landau level crosses the Fermi energy, ∂σ xy /∂V G reaches a maximum, which can be conveniently indicated by the color coding. To translate the gate voltage axis to an energy scale for the band structure, we assume that the gate acts as a plane capacitor plate, and calculate the electron density in the quantum well as a function of energy using our give the Landau level dispersion predicted by our calculation; the very good agreement with the experimental peaks in ∂σ xy /∂V G is evidence that our V G to E conversion is self-consistent.
The Landau-level dispersion in Fig. 3 (a) shows all the characteristics expected from our Dirac Hamiltonian (1). Besides the zero mode of Eq.(3), solving the Landau levels of the effective Hamiltonian (1) in a magnetic field, yields for the higher Landau levels (n = 1, 2, · · · · · · ) (C, M = 0):
where E Clearly, the Dirac model agrees well with our experiment for low magnetic field and low-index Landau levels, but gradually breaks down when the magnetic field is increased.
In the low magnetic field limit, one easily finds that Eq. (4) (for the conduction band) reduces to E ↑(↓) 
, we find g * ≈ 55.5. There are two physical origins for the large g * . Due to the zero gap nature of the present system, the most important contribution comes from orbital effects which are fully incorporated in the Dirac
Hamiltonian. However, there is also a contribution from Zeeman-type terms, which is not included in the Dirac Hamiltonian (1). This term is less important than the orbital part and will be discussed in the supplementary material.
Another effect that is not included in our model Dirac Hamiltonian is the inversion asymmetry of the system. In principle, the HgTe quantum well has structural (SIA) and bulk inversion asymmetry (BIA) 6, 17 , both of which can couple Dirac cones with opposite spin. From the node position of Shubnikov-de Haas oscillations (the data are presented in the supplementary material), we find that the spin splitting due to SIA is less than 2.5 meV at the largest experimentally accessible Fermi energy, decaying rapidly with density 17 . The present experiment does not show any evidence of the BIA term; a previous theoretical estimate shows that the BIA term has an energy scale of about 1.6 meV 6 . We conclude that also the SIA and BIA terms are small compared to the other terms in the Dirac Hamiltonian of Eq. (1). Moreover, they cannot cause the opening of a gap in the quantum well spectrum. The relevance of SIA and BIA terms is discussed in more detail in the supplementary material.
VI. ZERO FIELD BEHAVIOR
Having thus established that we indeed can describe our quantum well as a zero gap Dirac system, we now turn to its characteristics at zero magnetic field. Fig. 4 (a) plots the resistivity ρ xx vs. gate voltage, often called the Dirac-peak in the graphene community, in this limit. The graph clearly shows the expected peaked resistivity and exhibits an asymmetry between n-and p-regime which can be attributed to the large hole mass (increased density of states). In graphene, the width of the Dirac-peak is often regarded as a measure of the quality of the sample 18 . The width of the Dirac peak in Fig. 4 (a) corresponds to a carrier depletion of about ∆n ≈ 3.0 × 10 10 cm −2 , which is comparable with the situation found in suspended graphene.
At the Dirac point, we find a minimum conductivity of σ xx,min = 0.36 e 2 /h at 4.2 K. Its temperature dependence is shown in Fig. 4 (b) , which conveys an initially quadratic temperature dependence, that for temperatures above about 12 K turns linear. The existence of a finite minimal conductivity at vanishing carrier density is a topological (Berry phase) manifestation of the conical singularity of the Dirac bands at k = 0. Therefore, our observation of a minimal conductivity in
HgTe quantum wells provides independent evidence for the Dirac fermion behavior in this material. The observed minimal conductivity (close to e 2 /πh 19, 20 ) and the crossover from quadratic 
where Γ is the spectral broadening induced by spin-independent potential disorder. In Eq. (5) the factor of 2 accounts for the spin degeneracy and
2 is the variance of the gap due to spatial deviations of the thickness d from the critical value d c . From the X-ray reflectvity data on our samples 11 , we estimate M 2 ∼ 1 meV. This is comparable with typical values of Γ estimated from the self-consistent Born approximation (see supplementary material). Therefore, for M 2 ∼ Γ the zero-temperature conductivity is approximately σ xx (T → 0) ≈ e 2 /πh, in agreement with the data. The T 2 correction reflects the spectral smearing at energies below Γ. In contrast, at k B T ≥ Γ the linear T-dependence of σ xx (6) reflects the linear density of states, which is another manifestation of the Dirac fermion physics in HgTe quantum wells.
In conclusion, our paper reports the first experimental discovery of a two dimensional massless Dirac fermion in a single valley system. The high mobility in the HgTe quantum wells should allow us to directly study ballistic transport phenomena that so far have been hard to access for Dirac fermions 21 . Moreover, the material offers an additional parameter for the experiments in that the effects of a finite Dirac mass can now be studied in detail. 
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VII. SUPPLEMENTARY ONLINE MATERIAL
In the supplementary material , we will give theoretical details connected with the analysis of the effective g factor, Shubnikov de Haas oscillations and minimum conductivity in HgTe quantum wells.
A. Effective Hamiltonian for HgTe quantum wells
In this section, we will discuss the complete expression of the effective Hamiltonian of HgTe quantum wells near the critical thickness d c . . With these four states as basis, the complete Hamiltonian of the system when a magnetic field B ⊥ is applied in the the z-direction can be written aŝ
The effective Hamiltonian is given by Eq. (1) in the main part of the article, where a Peierls substitution k → k + e A has been applied (A is the magnetic vector potential). All parameters A, B, C, D and M can be determined by fitting to the experimental Landau level dispersion at T = 4.2 K for n 2DEG → 0 (we neglect in our calculations the dependence of the parameters on the electron density), which are listed in the table I.
The Zeeman term H Zeeman has the form
with µ B = e 2m 0 and the four band effective g-factor g E (g H ) for E 1 (H 1 ) bands.
Since in HgTe quantum wells the inversion symmetry is broken, we also need to discuss two terms that result from inversion asymmetry, i.e. the structural inversion asymmetry (SIA) term and the bulk inversion asymmetry (BIA) term. The SIA term is due to the asymmetry of the quantum well potential and has the form 17
In (001) grown HgTe quantum wells,, the Rashba spin splitting is dominantly responsible for the beating pattern of the Shubnikov-de Haas oscillations. By comparing the results of a Kane model calculation with the experimental data, one can thus directly determine the Rashba coefficient. As discussed in the following section, we find that for a quite large range of gate voltages, the Rashba spin splitting is less than 2.5 meV near the Fermi energy, which corresponds to ξ e ≈ 16 meV·nm, χ ≈ 2.0 meV·nm 2 and ξ h ≈ 5.0 meV·nm 3 . Furthermore we find that the electron Rashba splitting ξ e is always dominant over the other two terms.
Since the zinc-blend crystal structure of HgTe is not inversion-symmetric, additional BIA terms appear in the effective Hamiltonian, given by
Since the BIA Hamiltonian is a constant term, it will only change the the Dirac point to a circle and the system remains gapless. An early estimate of magnitude of BIA term gives ∆ 0 ≈ 1.6meV 6 , which is of the same order of magnitude as the disorder broadening and the fluctuations of the band gap due to variations in well width. Therefore in the present experiment we do not find evidence of a pronounced effect from this term. A(meV · nm) 373
Neglecting the SIA and BIA terms, the Landau level spectrum is described by
where n = 1, 2, ..., and α = + (α = −) for the conduction (valence band) and the parameter C is taken to be zero, setting the Dirac point at zero energy. The zero mode states (n = 0) have the dispersion:
and the zero mode splitting is:
Finally, we note that the total spin splitting, defined as the energy difference between the spinup and spin-down zero modes, has two origins in the four band effective model (M → 0).
One comes from the Zeeman term, which gives the energy splitting
(g E + g H ) with g * 2 = 10.5. The other origin stems from the combined orbital effects of the linear and quadratic terms in the Hamitonian H ef f , and is given by
with g * 1 = 45. These two terms together give the effective g-factor g * defined in the main part of the article.
B. Shubnikov-de Haas oscillations
In order to compare the Kane-model calculations with the experimental data, the density of states (DOS) at the Fermi level was calculated from the Landau level spectrum (see Ref. 16 ) (the factor of 2 takes the spin into account). The intercept of the straight-line fit evidently corresponds to the filling factor ν = 0, which explains the N = 1/2 intercept. However, for V G = 2 V, the electron density is increased and the Fermi energy is far away from the Dirac point. Consequently, the linear term is no longer dominant and other terms, such as the quadratic ones, will come into play. In this limit, the system recovers the usual behavior of a two dimensional electron gas and the deep minima correspond to the filling factors ν = 2N, implying that the intercept occurs at N = 0. Note that in HgTe, in contrast with graphene, one always has additional shallow minima besides the deep ones due to the coexistence of the linear term and other type of terms, such as quadratic or Zeeman terms. Another important feature of the SdH oscillations in Fig. 5 is the appearance of a beating pattern when V G = 2V, indicating the occurrence of Rashba spin splitting 22 , which from this data is estimated to be 2.5 meV. The beating feature is not observable when the gate voltage is in the range of 0 ∼ 1 V, which indicates that the system becomes more symmetric for low electron
densities. An extensive discussion of this effect can be found in Ref. 17 .
C. Calculation of the minimal conductivity
In this section of the supplementary material, we discuss details of the calculation of the minimal conductivity given by Eqs. (5) and (6) in the main part of the article.
We use the Kubo formula for the longitudinal (xx) dc conductivity,
Here the velocity operatorv x , spectral functionÂ k,ǫ and retarded/advanced Green's functionŝ
k,ǫ are 2 × 2 matrices in E 1 -H 1 subband space of the effective Hamiltonian H D (k) described by Eqs. (1) and (2) of the main manuscript. We use the symbol (Tr) to designate the trace operation . The spin degree of freedom is accounted for by the factor of 2 in Eq. (14) . f (ǫ) is the Fermi function, ǫ is the energy measured from the neutrality point and k = (k x , k y , 0) is the wave vector in the plane of the quantum well (QW). Our next step is to calculate the disorder-averaged Green's functionsĜ 
where M ′ ≈ 15 meV·nm −1 is a proportionality coefficient that we determine from band structure calculations. We assume that the gap M(r) varies slowly between the regions with M > 0 and M < 0 in the sense that the carrier motion adiabatically adjusts to the variation of M(r). Both M(r) and its gradient ∇ r M(r) are supposed to vanish upon averaging over the whole sample area (a) so that the leading nonzero moment of M(r) is the variance:
In view of the adiabatic dependence M(r) it is convenient to use the mixed representation for the Green's functions defined by the Wigner transformation:
whereĜ R/A k,ǫ (r) satisfies the equation:
Here we omit the k 2 corrections to the linear Dirac Hamiltonian [see Eqs.
(1) and (2) is taken at k = 0. It has been established earlier that the universal minimal conductivity follows already from the self-consistent Born approximation or equivalent approaches (e.g. Refs. 19, [23] [24] [25] ).
We also adopt this approximation for the self-energy:
where ζ q is the Fourier transform of the correlation function of the random potential, which is an even function of the wave-vector q due to the statistical homogeneity of the disorder.
In order to solve Eq. (19) we follow the same strategy as in the case of the uniform M, i.e.
we first apply operator 
We are interested in the average Green's function over the sample area:Ĝ The latter is assumed to vary slowly in space, allowing us to neglect the corrections ∝ ∇ k and to obtain the following equations for the Green's function and the self-energy:
These results are justified if the average slope of the gap variation, |∇ r M| 2 / M 2 , is small compared to the characteristic electron wave-number Γ ǫ /A,
where Γ ǫ is the spectral broadening due to the finite elastic life-time. It eliminates the infrared divergence of the k integral in Kubo formula (14) , providing an effective cut-off at small values of k.
We now use Eq. (22) forĜ (14) and express the conductivity in the form:
For ǫ, µ → 0 Eq. (25) yields the zero-temperature minimal conductivity σ xx (0). To completely specify Eq. (25) we find the self-energy Σ R/A ǫ from Eq. (22) in the form of a power-law expansion:
Assuming ζ q = ζ 0 = const and a cutoff ∆ = A 2 /B ≈ 120 meV at high energies [where the quadratic term Bk 2 becomes comparable with the linear one Ak in H D (k)], we obtain the expansion coefficients as
This model adequately describes the observed minimal conductivity and its temperature dependence. In particular, at low temperatures k B T ≪ Γ the T -dependence is quadratic: 
